Interdependence between stress, preferred orientation, and surface morphology of nanocrystalline TiN thin films deposited by dual ion beam sputtering
The mechanism of the surface morphology transformation for the carbon nanotube thin film irradiated via excimer laser In this paper, the surface morphology transformation of the sprayed carbon nanotube (CNT) thin film irradiated with the excimer laser has been systematically investigated. Under the excimer-laser irradiation, two phenomena, including the annealing and ablation effects, were found to be dependent on the incident laser energy and overlapping ratios. Moreover, the extremely high protrusions would be produced in the interface between the annealing and ablation regions. The mechanism of the CNT thin film under the excimer laser irradiation was, therefore, proposed to derive the surface morphology modifications and the further reinforced crystallinity with proper laser energy densities and overlapping ratios. Carbon nanotubes (CNTs) were considered as one of future potential alternates for being applied in the sensors 1, 2 and optoelectronic devices, 3, 4 owing to the unique highaspect-ratio structures, chemical, and physical properties. Recently, a process to synthesize two-dimensional (2D) CNT thin film 5, 6 with good electrical, chemical, and mechanical properties had been developed to overcome the high growth temperature. In order to improve chemical and physical properties of CNT thin film, plasma bombardment, high temperature thermal annealing, and laser irradiation as post treatments have been proposed. Among these post treatments, the thermal annealing and laser irradiation were conducted to improve the electrical and physical properties. Although the thermal annealing could achieve improvements in both chemical and electrical characteristics, 7 the high temperature propose limited the choices of substrates to expensive quartz or silicon substrates. Consequently, the excimer-laser irradiation 8, 9 has attracted more attention on the treatment for the CNT thin film on glass or plastic substrates due to low temperature process. Furthermore, the laser irradiation could also be applied to the etching and lithography process for obtaining surface morphology variations. 10, 11 However, excimer laser irradiation effects on the surface morphology transformation of the CNT thin film
were not yet discussed clearly. Therefore, a mechanism was proposed to explain the surface morphology transformation of the sprayed CNT thin film under excimer laser irradiation with various laser energy densities and overlapping ratios.
First, the thermal chemical-vapour-deposition grown CNTs were chemically treated by the H 2 SO 4 /HNO 3 oxidation solution, followed by ultrasonicating and centrifugating to obtain a homogeneous CNT solution. Then, the derived CNT solution was ultrasonically sprayed onto the wetoxidized silicon substrates to form a continuous CNT network. Subsequently, such a CNT thin film was irradiated with the KrF laser (k ¼ 248 nm) in a vacuum chamber pumped down to 2 Â 10 À2 Torr at room temperature. The laser beam size was 2 mm in width and 20 mm in length, and the pulse duration was 23 ns with the maximum repetition frequency of 10 Hz. The KrF excimer laser was a semiGaussian beam profile, and the energy distribution was nearly uniform across the 20 mm in length with the direction perpendicular to the scanning path. The excimer laser energy densities were ranged from 20 mJ/cm 2 to 400 mJ/cm 2 , and the irradiation shots were varied from 1 shot to 100 shots, i.e., 0% to 99% overlapping ratios. The 1-shot irradiation, namely the single-scan condition, is corresponding to the 0% overlapping ratio. As for the 100-shots condition, the scanned laser beam and the next one were overlapped with overlapping ratio of 99%. The surface morphologies were then observed by field-emission scanning electron microscopy (FE-SEM; Hitachi S-4700I) and optical microscopy (OM). The crystallinity was examined by the Raman spectrum (HOROBA; Lab RAM HR) and X-ray photoelectron spectroscopy (XPS; Physical Electronics PHI-1600). , respectively, and the surface morphology was observed to remain unchanged. At the higher applied energy density of 100 mJ/cm 2 , part of the CNT thin film was ablated, peeled, and accompanied with the formation of the CNT protrusions at the edge of the ablation area, as shown in Figs. 1(b) and 1(e). Once the CNT thin film started to ablate and accompany with surface protrusions, the laser energy was defined as ablation energy. For as-sprayed CNT thin film, the ablation energy was measured to be about 99 mJ/cm 2 . As the laser energy density was elevated to 160 mJ/cm 2 , the ablation region was apparently widened, as shown in Figs. 1(c) and 1(f), because the nearby CNT thin film was eradicated simultaneously. In order to realize the laser-irradiated overlapping effects, multiple-scan conditions were applied on the CNT thin film. For the 95% overlapping, i.e., 20 shots, the CNT thin film surface morphology still 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: remained uniform without any variation as the laser energy density at 100 mJ/cm 2 , as shown in Fig. 2(a) . As compared with single-scan condition, the CNT thin film seems more robust against the laser irradiation for the multiple-scan one. As the laser energy was raised to 220 mJ/cm 2 , the surface protrusions accompanied with simultaneous ablation began to occur in the surface of irradiated CNT thin film, as demonstrated in Fig. 2(b) . For the multiple-scan one with the laser energy to 240 mJ/cm 2 , the ablation area became wider and the surface protrusions were more vertical, as displayed in Fig. 2(c) . Furthermore, as the laser energy was further increased to 280 mJ/cm 2 , most of CNT thin film was directly ablated, as displayed in Fig. 2(d) . As compared with singlescan condition, it was found that the energy density needed to ablate the CNT thin film was elevated for the overlapping conditions.
To realize the crystallinity change after the laser irradiation, the Raman spectrum was conducted to examine the CNT thin film under various laser energy densities for the 95% overlapping, as demonstrated in Fig. 3(a) . Two main peaks of Raman shifts were observed, G peak (1584 cm À1 ) and D peak (1322 cm À1 ), respectively. The G peak was ascribed to the graphite E 2g and sp 2 -bond vibration mode, while the D peak was originated from the crystal defects, dangling bonds, and amorphous carbon. 12, 13 The ratio of I D /I G was calculated from the intensity division of D band and G band. For the as-sprayed CNT thin film, the I D / I G ratio was calculated to be 2.03. It reflected that the structures of CNTs after acid oxidation were destroyed seriously, and C-C bonding was connected with the functional groups. 2 After the laser irradiation, the I D /I G ratio was remarkably decreased to 1.203 for the laser irradiated ones with the laser energy density at 240 mJ/cm 2 . The reduced I D /I G ratio suggested the crystallinity improvement after laser irradiation. Moreover, the degree of graphitization could be characterized by the intensity ratio of I G /(I D þ I G ), and the higher I G /(I D þ I G ) ratio represented the higher degree of graphitization. 14 The I G /(I D þ I G ) ratio increased from 0.3485 to 0.4613 after excimer laser irradiation. The Raman results implied that the high laser energy irradiation would lead to graphitization of the CNT thin film. 4 However, the overhigh energy at 260 mJ/cm 2 would directly ablate and destroy the structures of CNT thin films, resulting in the increased I D /I G ratio. 15 The XPS analyses of the as-sprayed and excimerlaser-irradiated CNT thin film were also performed to approve such results, as shown in Figs. 3(b) and 3(c) . For the as-sprayed CNT thin film, the main C1s spectrum could be identified into C¼C sp 2 bonds (284.2 eV), C-O bonds (285.8 eV), and C¼O bonds (288.8 eV), and the functional groups mainly originated from the oxidation. 2 After laser irradiation, the intensity of C-O and C¼O bonds was notably reduced. Furthermore, there was a new peak appearance around 290 eV, which was assigned to the p-p* transition. 16 The results also demonstrate the graphitization occurrence under the laser irradiation.
For depicting the excimer laser irradiation effects on the CNT thin film, a schematic illustration has been proposed in Fig. 4 . The excimer laser energy profile was corresponding to the Gaussian distribution crossing the 2 mm width, as demonstrated in Fig. 4(a) . For the single-scan irradiation, there existed three different surface morphology regions, ablation, protrusions, and no variations, corresponding to the irradiated regions with the highest, medium, and lowest energy densities, accordingly. As the laser energy exceeded ablation energy, the irradiated region would be directly ablated, named as the ablation region. As the laser energy was lower than ablation energy, the CNT thin film was just annealed and the morphology of surface remained unchanged, called as the annealing region. Furthermore, there existed surface protrusions at the interfaces between the ablation and annealing regions. It was reported that the surface protrusions occurred as the CNTs were ablated under the high energy laser irradiation. 17 For the multiple-scan conditions, the ablation energy of CNT thin film would increase to a higher value than the single-scan condition, since the continued irradiation would enhance the crystallinity of CNT thin film. Owing to the increased ablation energy, the reduced ablation region of multiple-scan with respect to single-scan one under the same laser annealing energy was demonstrated in Fig. 4(b) .
Furthermore, the multiple-scan effects of the excimerlaser irradiated CNT thin film were investigated via the relationship between the laser annealing and ablation energy densities. Fig. 5 demonstrates the ablation energy as the functions of the annealing energy under different overlapping ratios, i.e., various scanning shots. For the single-scan condition, the energy needed to ablate CNTs was almost the same as 99 mJ/cm 2 , according to the calculation from Fig. 1(b) . As for the 90% overlapping irradiation, the ablation energy would be raised to 118 mJ/cm 2 for the 60 mJ/cm 2 annealing, and the ablation energy was increased to 342 mJ/cm 2 for the 280 mJ/cm 2 annealing. Moreover, the ablation energy would be further increased to be 360 mJ/cm 2 and 387 mJ/cm 2 for the 95% and 99% overlapping annealing under the 280 mJ/cm 2 annealing, respectively. It implied that the elevated annealing energy could promote the crystallinity of CNT thin film, leading to the increased ablation energy. With the 99% overlapping, the ablation energy was observed to saturate under high energy annealing. This phenomenon implied that the crystallinity of CNT thin film would be enhanced rapidly under low laser energy. The photon energy of KrF excimer energy (5.0 eV) was high enough to break the weak sp 3 bonds such as C-H (1.41-1.61 eV), 18 C-O (2.44-2.48 eV), 19 and C-C (3.175-4.983 eV), 20 which originated from the chemical oxidation. 2 However, under the high laser energy annealing, the continuous laser beam irradiation caused the surface local heating, which was not sufficient for the underneath part C-C bonds rearranging.
Although the first irradiated scan on the CNT thin film would cause the ablation in the region corresponding to energy above 99 mJ/cm 2 , the ablation energy of the remained CNT thin film was simultaneously increased to resist the next scanned laser beam. The continuous irradiation on the CNT thin film, therefore, increased the ablation energy. Consequently, the increased annealing energy and overlapping shots assisted the reinforced crystalline structures, resulting in the elevated ablation energy. Therefore, the ablation energy densities could be estimated, and the surface morphologies could be precisely obtained for different irradiation conditions. In summary, the transformation of CNT thin film surface morphologies via excimer laser irradiation under various laser energies and overlapping ratios was systematically investigated. For the single-scan condition, there existed three different surface morphology regions, ablation, protrusions, and no variations, corresponding to the irradiated regions with the highest, medium, and lowest energy densities, accordingly. The increased shots for the multiple-scan condition would be favorable for the improvement of CNT crystallinity, resulting in the higher ablation energy. Furthermore, the elevated annealing energy would as well as increase with the ablation energy. Therefore, the surface morphology and the crystallinity of CNT thin film could be accurately obtained by various excimer laser irradiated conditions. This work was supported by the National Science Council of the Republic of China under the Grant No. NSC 101-2221-E-009-077-MY3, and in part by the Nano Facility Center of National Chiao Tung University, and National Nano Device Laboratories (NDL) for providing process equipment.
